Background. Bacterial infections in the elderly are common and associated with high morbidity and mortality, with pneumonia the second commonest cause of death. Reductions in antibodies against specific bacterial antigens in saliva and serum could contribute to infection risk in older adults, although they have yet to be examined in relation to age. Method. IgG, IgA and IgM antibody levels in paired saliva and serum samples were measured against 12 pneumococcal, 4 meningococcal and haemophilus polysaccharide antigens and diphtheria and tetanus toxoids in healthy younger (n = 28, 21-34 years) and older (n = 44, 60-80 years) adults. Results. Older adults had lower antibody concentrations in saliva than young adults, with the most striking differences observed for salivary antibody secretion rates. In serum, older adults registered lower concentrations for only a minority of antibodies. Young adults who had previously received a polysaccharide pneumococcal vaccination (PPV23) had higher levels of anti-pneumococcal antibodies in serum and in saliva. Only minor differences were observed in antibody levels between older adults who had/had not received PPV23, and there was no evidence of memory in saliva. Conclusions. Age differences were much greater in salivary antibodies than in serum; older adults had reduced salivary secretion rates of antibodies across bacterial antigens. This decline in local immunity may contribute to increased infection risk in the elderly. The poor memory from pneumococcal vaccination in serum and saliva suggests that PPV23 may be ineffective in older adults for both systemic and local protection.
spread to other areas and result in invasive disease (5) . Most cases of bacterial meningitis can be attributed to S pneumoniae, which is associated with earlier and higher mortality rates in older adults (6, 7) . Elderly individuals are also at risk of bacterial infection due to Neisseria meningitides; generally manifesting as pneumonia rather than meningitis (8) . Further, adults aged over 65 years who contract a disease caused by Haemphilus influenzae bacteria are at higher risk of mortality than young adults (9) . Therefore, vulnerability to, and severity of, bacterial infections in older adults is evident across a range of bacteria.
Immunosenescence in the upper respiratory tract has been suggested to underlie the increased susceptibility of older adults to pneumococcal disease (5) . Salivary antibodies play an important role as the first line of defence against pathogens and assist in controlling carriage of bacteria, such as S pneumoniae and H influenzae, and consequently respiratory and invasive disease (10) . Accordingly, changes in salivary antibodies with ageing may contribute to mucosal immunosenescence and infection risk in older adults.
Immunoglobulin A (IgA), in its secretory form, is the main class of antibodies in saliva and IgA concentration and secretion rate has been used as a marker of mucosal immunity and to assess risk of upper respiratory tract infection (11) . Salivary IgA secretion rates have been shown to be significantly lower in elderly individuals and decrease with increasing age (12, 13) . Conversely, in parotid saliva, IgA, IgG and IgM concentrations were reported to be significantly higher in the elderly (14) . However, this study did not consider flow or secretion rates, which influence concentrations of saliva components, including antimicrobial proteins (15) . Further, antibodies in whole saliva may differ from the specific glands, especially for IgA as the density of IgA positive plasma cells can vary between each salivary gland (16) . Whole saliva can provide an overview of production from the various glands in the mouth.
Few have investigated functional antibodies in saliva to provide an insight into protection against specific bacteria in relation to aging. One exception demonstrated age-associated reductions in IgG and IgM saliva secretion rates specific to Streptococcus mutans, Escherichia coli and Actinomyces viscous (17) . Age-related changes to these commensals may differ to pathogenic bacteria, however, the effect of age on salivary antibodies specific to bacteria that pose a threat of infection, including S pneumoniae, N meningitides and H influenza has yet to be explored.
Evidence suggests that systemic functional antibodies are reduced in the elderly. Concentrations of naturally acquired IgG antibodies in serum against pneumococcal serotypes (Pn) 3 and 6B and IgM antibodies against Pn 3, 4, 6B, 9V and 23F have been shown to be reduced in those aged 65+ years (18) . However, serum has not been measured in parallel with saliva across a range of bacteria.
To determine whether salivary antibodies against specific bacterial antigens are reduced in older adults, and potentially a mechanism contributing to compromised immunity and infection risk, the present study examined functional antibodies against 19 different antigens in healthy younger and older adults. Paired saliva and serum samples were analysed to compare local and systemic protection.
Methods

Participants
Participants were 44 community dwelling older adults (21 females) aged 60-80 years (mean = 66.8, SD = 4.8) and 28 (13 females) postgraduate students aged 21-34 years old (mean = 22.8, SD = 2.5). Seven (17%) of older participants reported suffering from a chronic illness: four participants had hypertension (one of which also reported asthma), one had chronic obstructive pulmonary disease, one had benign prostatic hypertrophy and one suffered from trigeminal neuralgia. Among older adults, 30% reported taking medication: anti-hypertensives, non-corticosteroid inhalers, statins, and gastrointestinal medications. Younger adults had no chronic illness/ medication usage. No participants were suffering from any acute illness 2 weeks prior to, or during the study. Key exclusion criteria included gum disease, or any teeth/oral problems.
Serum and Saliva Collection
Participants were asked to refrain from exercise and alcohol 24 hour prior, and food and caffeine 12 hour prior to arriving at the laboratory between 7-9am. Their vaccination history was recorded. A 6ml venous blood sample and an unstimulated whole-saliva sample were collected (further details are described in Supplementary Methods).
Functional Antibody Measurements
Saliva and serum were analysed using a multi-plexed bead assay (Luminex-200, Bio-plex systems, BioRad Laboratories, Hercules, CA) that simultaneously measured antibody titres against: 12 pneumococcal (Pn) (serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F), 4 meningococcal (MEN) (serotypes A, C, W-135 and Y), tetanus (TET), diphtheria (DIP) and haemophilus (HIB) antigens. Assay reproducibility, linearity and specificity are described in Supplementary Methods. Serum and saliva samples were assayed x 3 to measure antibodies specific to IgG, IgM and IgA. Concentrations for IgM and IgA specific antibodies for meningococcal serotypes, TET, DIP and HIB were not obtained, as values for these antigens for the reference sera (89SF) used in the 19-plex assay are not currently available (19) .
Data Analysis
For saliva, age differences in antibody concentrations, salivary flow rate and antibody secretion rate were analysed. Salivary flow rate (mL/min) was calculated as volume of saliva/collection time. Saliva secretion rates are reported to reflect the total availability of immunoglobulin at the oral surface and control for hydration status (20) . Secretion rates (ng/min) were calculated as saliva flow rate x antibody concentration. For serum, age differences in functional antibody concentrations were examined. Antibody parameters were explored for each functional antibody for IgG, IgA and IgM, respectively. Mann Whitney U-tests were used to compare antibody parameters between: age groups, pneumococcal vaccination status within age groups, and older adults who were/were not taking on-going medication. Where significant differences were observed, p values were re-assessed using the Holm-Bonferroni method to control for the multiple comparisons being made for the number of dependent variables generated from using a multiplex assay for each immunoglobulin class. For IgG protective titres were: 0.35 μg/mL for Pn antibody serotypes (21), 2 μg/mL for Men antibody serotypes (22), 1.0 μg/mL (long term) and 0.15μg/mL (short term) for HIB antibody (23), and 0.1 IU/mL (long term) and 0.01 IU/ml (short term) for TET and DIP antibody (24) .
Results
Age and Functional Antibodies in Saliva
Compared with younger adults, older participants registered significantly lower concentrations of functional antibodies in saliva for several antibodies: 3/12 for IgA; 4/12 for IgM; 4/12 for IgG Pn antibodies and also for IgG, 4/4 Men antibodies, DIP and HIB (Table 1) . No difference was seen between age groups for TET. Following Holm-Bonferroni correction, differences that were initially indicated significant at the .05 level failed to remain significance. Although not statistically significant, older adults had a lower salivary flow rate than younger adults, with median rates of 0.31 mL/min (range, 0.10-0.97 mL/min) and 0.38 mL/min (range, 0.11-0.89 mL/min), respectively. Older adults had lower functional antibody saliva secretion rates than younger adults for the 25/36 comparisons of 12 Pn serotypes across IgG, IgM and IgA ( Figure 1 ). Figure 2 shows this age difference in saliva secretion rates was also evident for IgG MEN serotypes, TET, DIP and HIB. Following Holm-Bonferroni correction, differences in secretion at the .05 level were no longer significant across all immunoglobulin subclasses, in addition to Pn9V for IgM.
Age and Functional Antibodies in Serum
As presented in Table 2 , older adults demonstrated lower concentrations for fewer antibodies than observed in saliva; 1/12 for IgA; 3/12 for IgM; 2/12 for IgG Pn antibodies, and also 3/4 MEN, HIB and DIP for IgG (not TET). Only findings with p values indicated as ≤ .01 withstood adjustment.
Antibody Levels in Relation to Vaccination and Protective Titres
Ten participants (36%) in the younger adult group had received PPV23 within the past 4 years through research participation, and a minority had received other vaccinations relevant to this investigation: meningitis C (n = 5), tetanus (n = 3). Fifteen older adults (34%) had received PPV23 within the past 6 years.
In saliva, younger adults who had received PPV23 had higher concentrations of 5 IgG and 2 IgA specific Pn serotypes compared to those who had not been vaccinated (Supplementary Table 1 ). The same significant findings emerged for salivary secretion rates; with the addition of Pn5, 7, 19A and 23F for IgG and Pn3 for IgA, all p < .05. However, these vaccination differences in saliva did with not withstand Holm-Bonferroni adjustment. In older adults, no significant differences were observed in relation to vaccination for salivary antibody concentrations (Supplementary Table 1 ) or secretion rates.
In serum, younger adults who had received PPV23 demonstrated higher antibody concentrations for IgG (8/12), IgA (12/12) and IgM (5/12) serotypes (Supplementary Table 2 ). The serum levels of anti-Pn Ig of vaccinated and non-vaccinated older adults were observed for fewer serotypes: IgG (4/12), IgA (5/12) and IgM (1/12). Findings indicated as significant at the .05 level, for both younger and older vaccination groups, were not upheld following correction for multiple comparisons. In general, vaccinated younger adults had higher antibody concentrations compared with vaccinated older adults.
In younger adults, 68% demonstrated protective levels on ≥ 8/12 Pn serotypes, and 66% of older adults displayed protective levels on ≥ 8/12 serotypes. For younger adults, protective titres were observed in 54%, 26%, 7% and 32% of individuals for Men A, C, W and Y, respectively. A similar proportion of older adults were protected against Men A (52%), although no older participants were protected against Men C or W and only 9% against Men Y. All, or almost all, younger adults were protected against Tet (100%), DIP (96%) and HIB (82%), with the majority of individuals reaching levels for longterm protection. In older adults, 91% were protected against TET, 57% against DIP and 59% against HIB.
Chronic Medication
In older adults, those taking chronic medication had significantly lower salivary IgM antibodies for Pn1, 4, 5, 9, 18C, 19A, 19F and 23F compared with individuals who were not, p < .05 for all comparisons. A similar pattern emerged for saliva secretion rates, where Pn1, 5, 9, 18C, 19A, 19F and 23F secretion was significantly (p < .05) reduced for IgM. There were no significant differences for IgG or IgA, secretion rates, or flow rate. In serum, older adults taking chronic medication had significantly lower levels of IgM against Pn 19F and 23F. Findings in relation to chronic medication did not reach p < .01, as such they do not remain significant when applying Holm-Bonferroni adjustment to observed p values. There was no significant difference in age in older adults between those who were and were not taking medication.
Discussion
This is the first study that has carried out bacterial functional antibody analyses of this depth in relation to age. Secretion of salivary antibodies against bacterial antigens was significantly reduced in older adults. It has previously been shown that IgG and IgM salivary antibody secretion rates for commensal bacteria are reduced with age (17); the present study extends these findings to bacteria that cause infectious disease. Antibody saliva concentrations were also significantly lower in older adults, although findings were less consistent compared with secretion. Secretion may be a more relevant as it takes into account changes in saliva volume and, for IgA, it has been proposed the combination of concentration and flow reflects the total amount of immunoglobulin covering the mucosal surface, thus providing a better estimate of protection (11) . Indeed, secretion rate, rather than concentration of salivary IgA has been found to be the best predictor of upper respiratory tract infection (15) . The reduced antibody secretion rate observed in saliva of older adults reveals another aspect of immunosenescence that may contribute to infection risk in the elderly.
Although older adults had lower flow rates than their younger counterparts, the difference was not significant; this is consistent with some previous findings others (25) but not others (13, 26) . Dry mouth, xerostomia, is common in older adults and is associated with decreased saliva flow (25, 26) and an increased incidence of infections (27) . Reduced saliva flow rates in the elderly have been proposed to be driven by medication use (26) . We found that older adults taking chronic medication had lower concentrations and secretions of salivary IgM, but not IgA or IgG antibodies. These findings should be interpreted cautiously, as they did not withstand statistical adjustment. Due to the small sample size, in addition to the low proportion of older adults taking medication (perhaps not representative of the wider elderly population), the effects of medication on IgM specific antibodies should be considered preliminary findings and the effects of medication, and also chronic disease/ types of disease, on salivary anti-bacterial antibodies requires further investigation. Interestingly, some of the medications reported included dry mouth as a potential side effect, yet no difference in saliva flow rates were observed between those who were and were not taking medication. Studies have shown that flow rate is not affected by age in healthy individuals who are not taking medication (25) . However, in the present study, older adults who were not taking medication also had lower secretion rates than younger adults. This suggests that the reduction in secretion rate may be due to aging per se, and not simply reflecting reduced flow rate due to medication. Note: Data presented is median (5-95 percentile) in ng/ml. Significant differences between young and old are indicated by ***p < .001, **p < .01, *p < .05 Note: Data presented is median (5-95 percentile) in ng/ml. Significant differences between young and old are indicated by ***p < .001, **p < .01, *p < .05
Results in serum did not mirror those of saliva, with lower concentrations in older adults only being observed for a few antibodies. Previous findings have illustrated a reduction in naturally acquired IgG and IgM in older adults against certain pneumococcal serotypes (18). Interestingly, the majority from both age groups demonstrated protective levels on ≥ 8 of the 12 Pn serotypes, yet ≤ 35% had been vaccinated. Implying that in healthy individuals, high proportions achieve protective levels through natural exposure. However, protection against bacteria may depend on antibody function and not just antibody availability: deficits in opsonophagocytic activity and avidity may contribute to risk of pneumococcal infection in the elderly (5) .
Younger adults who had received PPV23 had higher serum antibody concentrations across immunoglobulins and serotypes, whereas minimal differences were observed between vaccinated and unvaccinated older adults. Younger adults who had been vaccinated had higher antibody concentrations than vaccinated older adults, suggesting an age-related deterioration in the primary response and/or memory. Although this may support impaired vaccination efficacy of PPV23 with aging highlighted previously (28) , this cannot be determined in this cross-sectional study. The PPV23 programme in the UK for those aged > 65 shows little impact on incidence rates of invasive pneumococcal disease (IPD) (29) . The seven-valent pneumococcal conjugate vaccine (PCV7) was integrated into UK routine childhood immunisation programme in 2006 and replaced by a thirteen-valent equivalent (PCV13) in 2010. This resulted in both direct and indirect population protection via herd immunity and reduced bacterial carriage, evidenced by large reductions in IPD from vaccine specific serotypes (30) . A recent trial evaluating the efficacy of PCV13 in adults aged ≥ 65 (The Community-Acquired Pneumonia Immunization Trial in Adults) has shown significant reductions in community acquired pneumonia and IPD (31). Although PCV13 appears to be more effective in older adults than PPV23, it is also much more expensive.
In younger adults who had received a pneumococcal vaccine, in addition to higher IgG, increased antibodies for IgM and IgA were also observed. In a prior study involving healthy individuals aged 22-55 years vaccinated with PPV23, pneumococcal polysaccharide specific IgM and IgA was shown to remain higher than pre-vaccination levels one year later (32) . In the present study, younger adults who received a vaccination had done so within two years, which may account for elevated IgM and IgA levels.
In saliva, younger adults who had received PPV23 showed preliminary evidence of higher IgG and IgA concentrations and secretion rates than those not vaccinated. In contrast, no differences were observed in relation to saliva and vaccination for older adults, suggesting PPV23 is ineffective in producing local memory in this age group. In children, significant increases in salivary antibodies have only been shown following a booster vaccination (33) . It may be that a threshold concentration needs to be reached in serum for protection to be reflected at a local level, or booster vaccinations are required in order to elicit a mucosal response; however, re-immunisation with pneumococcal polysaccharide vaccines can result in immune hyporesponsiveness (34) . Alternatively, any salivary response may have diminished over time. An increase in salivary antibodies has been observed in adults seven days following a pneumococcal vaccine, but maintenance over time was not explored (35) . The present findings suggest that PPV23 cannot confer memory in saliva of older adults, although further studies specifically looking at vaccination are required.
The proportions of participants with protective levels for MEN serotypes, TET, DIP and HIB were similar to those observed previously in healthy adults (19) , although reference ranges for age have not been established. Reference ranges are not available for saliva, although this study has demonstrated that is it possible to detect these 19 bacterial antigen specific antibodies in saliva.
In conclusion, older adults have reduced salivary secretion rates of IgA, IgM and IgG antibodies against a range of antigens. Therefore, the reduction in adaptive immunity observed with aging appears to extend to secretory oral immunity. This decline in local protection may contribute to increased susceptibility to infection in the elderly. A relatively small sample size is a limitation of this investigation and findings should be replicated in larger studies. The small sample size was a likely contributor in findings to remain significant at the 0.05 level following adjustment, although all findings at 0.01 and 0.001 were still supported following correction for multiple comparisons. To understand the practical implications of age-related changes in oral functional antibodies, future studies should explore the relationship between saliva parameters, carriage of bacteria and infection incidence. Given that the transmission of pneumococci may occur via saliva and saliva swabs have been proposed as a method to improve detection of pneumococcal colonisation (5, 36) , saliva may become of increasing importance in research relating to infectious disease in the elderly.
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